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Red oak seedlings as indicators of deer browse pressure: 
Gauging the outcome of different white‐tailed deer 
management approaches



























impacts	 at	 Cornell	 University.	We	 estimated	 spring	 deer	 populations	 and	 planted	








in	the	deer	population	and	a	 linear	decline	 in	browse	rates	as	a	 function	of	spring	
deer	abundance.	Public	trust	stewardship	of	North	American	landscapes	will	require	
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1  | INTRODUC TION
Temperate	forests	in	eastern	North	America	face	a	crisis	due	to	ac‐
celerated	 development,	 climate	 change,	 and	 introduced	pests	 and	
diseases	 (Aukema	 et	 al.,	 2010;	 Liebhold	 et	 al.,	 2013).	 In	 addition,	
high	populations	of	white‐tailed	deer	(Odocoileus virginianus,	Figure	











(agriculture)	 and	 the	 regrowth	of	eastern	 forests.	Early	dire	warn‐
ings	 about	 long‐term	 ecological	 consequences	 of	 deer	 population	
increases	in	the	absence	of	traditional	predators,	such	as	mountain	
lions	(Puma concolor)	and	timber	wolves	(Canis lupus;	Leopold,	Sowls,	
&	 Spencer,	 1947)	 were	 ignored	 by	 state	 wildlife	 agencies.	 Today,	
scientific	 evidence	 regarding	 negative	 impacts	 of	 historically	 high	
white‐tailed	deer	populations	is	voluminous,	increasing,	and	largely	
uncontested.
White‐tailed	 deer	 are	 ruminant	 browsers	 with	 a	 variable	 diet	
composed	 of	 woody	 species,	 herbs,	 grasses,	 and	 mushrooms.	
Diet	 composition	 is	 influenced	 by	 geography,	 season,	 habitat	 fea‐


















Long‐term	 consequences	 of	 high	 deer	 populations	 have	 been	
documented	 for	 herbaceous	 and	woody	 species	 alike.	 The	 impact	
of	deer	browse	on	herbaceous	species	may	result	in	direct	mortality,	
but	tissue	removal	preventing	flowering	and	reproduction	has	dra‐
matic	demographic	 consequences	 that	play	out	on	a	decadal	 time	
scale.	For	example,	high	deer	populations	caused	declines	of	>90%	
for	many	orchids	 in	 the	mid‐Atlantic	 region	 in	Maryland	 (Knapp	&	
Wiegand,	 2014).	 Deer	 browsing	 also	 threatens	 understory	 herbs	
like	Trilliums	(Trillium grandiflorum	and	T. erectum)	and	American	gin‐
seng	 (Panax quinquefolius;	 Bialic‐Murphy,	Brouwer,	&	Kalisz,	 2019;	
Dávalos,	Nuzzo,	&	Blossey,	2014,	2015a;	Knight,	Caswell,	&	Kalisz,	
2009;	McGraw	&	Furedi,	2005),	however,	these	are	only	a	few	well‐






20	cm	 tall)	 to	 saplings	 (Kelly,	2019;	Long,	Brose,	&	Horsley,	2012;	
Miller	&	McGill,	 2019).	Despite	 abundant	 seed	production	by	ma‐






but	 it	 also	 prevents	 dispersal	 of	 many	 tree	 species	 northward	 in	
response	to	climate	change,	which	in	turn	has	large	economic	con‐
sequences	for	timber	management	(Côté	et	al.,	2004),	and	limits	po‐




macrolepidoptera	 specialized	 on	 understory	 plant	 species	 in	 New	
Jersey	(Schweitzer,	Garris,	McBride,	&	Smith,	2014).	In	Pennsylvania,	
aboveground	 insect	abundance,	richness,	and	diversity	were	up	to	
50%	 higher	where	 deer	were	 excluded	 for	 60	 years	 (Chips	 et	 al.,	
2015).	 Furthermore,	 deer	 facilitate	 spread	 of	 invasive	 plants	 and	
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on	 soils,	 erosion,	 nutrient	 cycling,	 and	 food	 webs	 (Maerz,	 Nuzzo,	
&	Blossey,	2009;	Nuzzo,	Maerz,	&	Blossey,	2009).	 In	summary,	el‐




&	 Scheerder,	 2011;	 Nuttle,	 Ristau,	 &	 Royo,	 2014;	 Nuttle,	 Yerger,	
Stoleson,	&	Ristau,	 2011).	High	 deer	 populations	 also	 represent	 a	
human	health	threat	due	to	deer‐vehicle	collisions	and	amplification	
of	tick	populations	and	prevalence	of	tick‐borne	diseases	including	
Lyme	 (Kilpatrick,	 LaBonte,	 &	 Stafford,	 2014;	 Raizman,	 Holland,	 &	
Shukle,	2013).
In	 the	US,	 legal	 authority	 to	manage	 deer	 and	 other	wildlife	




Hare	 &	 Blossey,	 2014;	 NYSDEC,	 2011).	 However,	 the	 assertion	
that	 recreational	 hunting	 as	 currently	 implemented	 and	 regu‐
lated	can	achieve	deer	population	regulation	has	been	challenged	
(Williams,	 DeNicola,	 Almendinger,	 &	 Maddock,	 2013).	 Further	




deer	 management	 approaches	 (no	 management,	 sterilization,	 and	
recreational	hunting)	to	assess	competing	claims	by	wildlife	agencies	
(recreational	 hunting	 is	 able	 to	 control	 deer	 populations	 and	 their	
impacts)	 and	 animal	 rights	 activists	 (nonlethal	 control	 can	 reduce	
deer	populations,	 and	deer	do	not	drive	ecosystem	deterioration).	
We	 know	 of	 no	 other	 study	 that	 simultaneously	 assessed	 effects	
of	 different	 deer	management	 approaches	 for	 their	 effect	 on	 the	
size	of	a	 free‐roaming	deer	population	and	 the	 impact	on	ecologi‐
cal	resources.	We	used	browse	incidence	and	seedling	growth	of	a	
bio‐indicator,	red	oak	(Quercus rubra)	to	assess	outcomes	of	different	









ant	 variables	 determining	 the	 likelihood	 of	 seedlings	 to	 advance	
to	 the	 sapling	 stage	 in	woody	 plant	 recruitment	 (Kelly,	 2019).	We	
included	 rodent	 attack,	 insect	 herbivory,	 and	 the	 role	 of	 compet‐
ing	vegetation	 into	our	assessments	 (a	more	complete	 justification	
for	 our	 approach	 is	 detailed	 in	 Section	 2.3)	 due	 to	 their	 potential	
influence	on	oak	recruitment	and	demography	(Crow,	1988;	Davis,	
Tyler,	&	Mahall,	2011).	We	evaluated	the	following	hypotheses:
1.	 Deer	 browse	 intensity	 on	 red	 oak	 seedlings	will	 vary	 in	 differ‐
ent	management	 zones.	 Specifically,	we	expected	browse	 rates	
to	 be	 highest	 in	 the	 no	 management	 zone,	 be	 intermediate	 in	
the	 sterilization	 zone,	 and	 be	 lowest	 in	 areas	with	 recreational	
hunting.
2.	 The	proportion	of	oak	seedlings	browsed	by	deer	will	be	higher	
than	 the	proportion	of	oaks	affected	by	other	 factors	 (rodents,	
insects,	and	winter	mortality).
3.	 Oaks	 protected	 from	 deer	 herbivory	will	 grow,	while	 height	 of	
oaks	exposed	to	deer	herbivory	under	the	same	forest	conditions	
will	regress	or	remain	stable.
4.	 Browse	 intensity	on	 red	oak	seedlings	 is	a	 function	of	 the	deer	
population	size.
2  | MATERIAL S AND METHODS
2.1 | Study area and deer population estimation
Our	 study	 area	was	 located	 in	 central	 New	 York	 State,	 USA,	 and	
incorporated	major	portions	of	 the	Cornell	University	campus	and	






















Obtaining	 accurate	 estimates	 of	 abundance	 for	 free‐ranging	
deer	 is	 notoriously	 difficult	 and	 cost	 prohibitive,	 particularly	 over	
large	areas.	Traditional	survey	methods	have	included	track	or	pel‐
let	 counts,	 spotlight	 surveys,	 drive	 counts,	 aerial	 or	 thermal	 imag‐
ery	surveys,	or	population	reconstruction	based	on	hunter	reports	
and	 sex	 ratios.	 However,	 all	 of	 these	methods	 produce	 unreliable	
results,	 and	 some	may	only	 be	 available	 in	 open	habitats	 (Fritzen,	
Labisky,	 Easton,	 &	 Kilgo,	 1995;	 Goode	 et	 al.,	 2014;	 Keever	 et	 al.,	
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2017;	 Marques	 et	 al.,	 2001;	 Norton,	 Diefenbach,	 Wallingford,	 &	
Rosenberry,	2012).	Lately,	use	of	camera	traps	has	become	popular.	
However,	 accurate	 population	 estimation	 still	 requires	 identifica‐
tion	of	individuals,	and	individual	deer	are	impossible	to	distinguish,	
except	 for	branch‐antlered	male	deer	 (hereafter	bucks)	 in	 the	 fall.	
Furthermore,	 density	 estimates	 are	 influenced	by	 detection	 prob‐
abilities	that	vary	seasonally	and	with	terrain,	human	development,	
and	 hunting	 pressure	 (Parsons	 et	 al.,	 2017).	 The	 development	 of	





To	 obtain	 accurate	 deer	 population	 estimates	 to	 quantify	 re‐
sponses	to	our	management	activities,	we	utilized	a	cohort	of	120	
individually	marked	deer.	We	captured	and	sedated	deer	in	the	ster‐
ilization	 zone	 (Figure	 2),	 and	 veterinary	 surgeons	 performed	 tubal	
ligations	 and	 ovariectomies	 (Boulanger	 &	 Curtis,	 2016).	 We	 cap‐
tured	most	of	the	120	deer	in	the	first	two	years	of	the	program,	but	
continued	to	target	immigrating	individuals	to	maintain	a	high	ster‐














photographs	 and	 then	 modeled	 deer	 abundance	 using	 programs	
MARK	 and	 NOREMARK	 (Curtis,	 Boldgiv,	 Mattison,	 &	 Boulanger,	
2009;	White,	1996).	An	initial	test	of	this	approach	obtained	accu‐
rate	and	precise	estimates	of	deer	abundance	(Curtis	et	al.,	2009).
F I G U R E  2  Delineation	of	no	management,	sterilization,	and	hunting	zones	(2008–2013)	and	core	deer	management	area	(after	2013)	
surrounding	the	main	Cornell	University	campus	in	Ithaca,	New	York,	USA.	Short‐term	(2010	and	2011)	and	long‐term	(2010–2015)	Q. rubra 
planting	and	camera	trap	locations	are	indicated	by	yellow	markers
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2.2 | Deer management
In	 addition	 to	 continuing	 sterilization	 efforts	 of	 deer	 immigrating	
into	 our	 sterilization	 zone,	 we	 established	 a	 coordinated	 recrea‐
tional	hunting	program	in	accordance	with	New	York	State	hunting	
seasons	 each	 fall	 from	October	 to	December.	 For	 safety	 reasons,	
we	restricted	hunting	close	to	campus	or	suburban	neighborhoods	
to	archery,	but	elsewhere	allowed	shotguns	and/or	muzzleloaders.	




they	 can	 shoot	 a	 buck),	 and	 use	 of	 Deer	 Management	 Assistant	




added	a	unique	3‐week	antlerless	season	 in	January	 that	 included	
our	core	management	area	(Boulanger	et	al.,	2014)	to	assist	in	deer	
management	efforts.
Despite	 hundreds	 of	 deer	 taken	 by	 hunters	 on	 Cornell	 lands	
and	doe	 sterilization	 rates	of	>90%,	our	 camera	 surveys	 indicated	
that	by	2012,	five	years	into	the	program,	we	had	not	achieved	any	
reduction	 in	 the	 core	 deer	 population	 (Boulanger	&	Curtis,	 2016).	
In	response	to	our	failure	to	reduce	the	deer	population,	we	elimi‐
nated	sterilization	efforts	and	established	a	larger	core	management	
area	 (CMA,	approx.	953	ha)	 that	 included	most	of	 the	sterilization	
zone	plus	selected	areas	previously	designated	as	no	management	






F I G U R E  3  A	sample	of	variation	in	shape	and	size	of	95%	adaptive	kernel	home	range	estimates	for	surgically	sterilized	radio‐collared	
adult	female	deer	on	Cornell	campus	(2008–2013;	adapted	from	Boulanger	et	al.,	2014)
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regular	season	in	December	to	the	end	of	March	the	following	year.	
We	allowed	use	of	bows	and	 crossbows	with	no	 tag	 limits	placed	
on	volunteer	participants.	Each	participant	was	further	required	to	
report	 their	efforts	 (hours	 in	 stand),	 the	 fate	of	every	arrow	shot,	
distance	lethally	wounded	deer	travelled,	wounding	rates,	and	other	
observations.	This	allowed	us	to	make	adjustments	in	the	program	
as	 needed	 and	 be	 accountable	 to	 hunters,	 the	 state	management	
agency,	university	administration	as	well	as	those	questioning	meth‐




structured	DDP	program	restricts	 shooting	at	bait	 locations	 to	no	







2.3 | Indicator selection, Q. rubra natural history, 
seedling performance, and procedures
Ideally,	any	comprehensive	measurement	of	the	status	of	forest	bio‐
diversity	 should	 include	multiple	metrics	or	 indicators	 at	different	
trophic	levels;	however,	there	are	currently	no	agreed	upon	or	sensi‐
tive	metrics	 available.	While	desirable,	 it	 is	 typically	 impossible	 to	



































gested	 that	 selecting	 Q. rubra	 was	 an	 appropriate	 and	 sensitive	
indicator	for	assessing	the	outcome	of	our	different	deer	manage‐
ment	approaches.	Changes	in	browse	frequency	for	Q. rubra,	while	
not	expected	to	be	 identical	 for	other	species,	should	 indicate	the	
direction	of	overall	browsing	pressure	experienced	by	other	taxa.
Quercus rubra	 is	a	widely	distributed	deciduous	 tree	 in	eastern	
North	America	ranging	from	Ontario	and	Quebec	south	to	Georgia	
and	Alabama	 in	 the	 east,	 and	 from	Minnesota	 and	 Iowa	 south	 to	






to	 mature,	 require	 cold	 stratification	 after	 dropping	 off	 the	 tree,	
and	all	surviving	acorns	germinate	in	the	following	spring.	There	is	
no	seed	bank.	Mass	fruiting	occurs	every	2–5	years.	Acorns	may	be	








ble	on	many	different	soils,	and	 in	 full	or	partial	 shade.	Seedling	






than	 a	 few	years	 in	 the	understory	 (Abrams,	2003;	Crow,	1988;	
Lorimer,	Chapman,	&	Lambert,	1994).	However,	experimental	 in‐
vestigations	 have	 shown	 that	 oak	 seedlings	 are	 similarly	 shade	
tolerant	 as	 many	 other	 species,	 (no	 growth	 or	 survival	 benefits	
beyond	15%	full	 sun';	Dillaway,	Stringer,	&	Rieske,	2011;	Kaelke,	
Kruger,	&	Reich,	2001;	Long	et	al.,	2012).	Liming	does	not	affect	
oak	 seedling	 growth	 (Long	 et	 al.,	 2012),	 and	 fire	 and	 herbicide	
treatments	 to	 reduce	 effects	 of	 competing	 vegetation	 actually	
negatively	 affect	 oak	 seedlings	 compared	 with	 untreated	 con‐
trols	 (Miller,	 Brose,	 &	 Gottschalk,	 2016).	 However,	 in	 all	 these	
studies,	 fencing	had	 substantial	 and	 sustained	beneficial	 effects	
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on	oak	seedling	growth	and	survival.	SORTIE,	a	model	to	predict	













for	 long‐lived	 species	 such	 as	 oaks,	 and	 none	 exists	 for	Q. rubra. 











and	 saplings,	 which	 were	 strongly	 affected	 by	 ungulate	 browsing	






We	were	 not	 interested	 in	 building	 a	 full	 demographic	model,	
but	we	were	looking	for	a	quick	assessment	(every	year	or	in	short	
intervals)	 that	 allowed	us	 to	 evaluate	whether	 differences	 in	 deer	
management	approaches	and	changes	in	deer	abundance	would	af‐
fect	the	growth	and	transition	from	seedling	to	sapling	for	Q. rubra. 













and	 their	 abundance	 varies	with	 overstory	 tree	 composition.	 This	
F I G U R E  4   	Top	row	L	to	R:	Oaks	seedlings	ready	to	transplant,	individual	oak,	and	field	cages	to	protect	seedlings.	Bottom	row	L	to	
R:	Healthy	oak	protected	by	wire‐mesh	cage,	oak	in	matrix	vegetation,	healthy	surviving	oak,	and	partially	browsed	oak	with	a	single	leaf	
remaining	(all	photos	by	B.	Blossey)






We	 planted	 acorns	 each	 February/March	 in	 individual	 SC7U	Ray‐




seedlings	 developed	 2–4	 leaves	 (late	 April	 to	mid‐May),	 we	 hard‐
ened	them	outside	on	elevated	metal	greenhouse	benches	with	legs	
standing	 in	buckets	 filled	with	 soapy	water	 to	prevent	earthworm	
colonization.	We	protected	seedlings	against	deer	or	rodent	herbiv‐
ory	 in	walk‐in	 field	cages	 (Lumite®	 screening,	shade	15%,	porosity	
1629CFM;	Synthetic	Industries).




same	 time	 field	 germinated	 oaks	would	 appear	 in	 our	 region.	We	
avoided	 planting	 seedlings	 next	 to	 live	 large	 trees	 or	 in	windfalls,	
on	very	steep	slopes,	or	among	 large	boulders	that	could	function	
as	refuges	by	limiting	physical	access	by	deer.	We	used	a	handheld	
drill	with	 a	 5‐cm	diameter,	 30‐cm	 long	masonry	 drill	 bit	 to	 create	
tapered	 planting	 holes	 (10–15	 cm	 deep	 ×	 5–10	 cm	wide).	We	 re‐
moved	rooted	seedlings	from	their	Cone‐tainers,	removed	the	acorn	
(to	 reduce	 rodent	 predation),	 and	 then	 planted	 seedlings	 firmly	
covering	potting	 soil	with	 local	 soil.	We	placed	a	numbered	metal	












We	 revisited	 each	 planting	 location	 after	 7–10	 days	 to	 assess	
each	seedling	(we	recorded	no	transplant	mortality),	and	thereafter	
at	monthly	 intervals	 to	 record	 deer	 browse,	 rodent	 attack	 (recog‐
nized	by	a	45°	cut	angle),	other	herbivory	or	other	causes	of	mor‐
tality	 (usually	 winterkill).	 We	 terminated	 monthly	 visits	 with	 leaf	
senescence	in	October	and	recorded	attack	one	last	time	after	leaf	
out	in	May	or	June	2011.	We	repeated	the	same	procedures	in	2011,	













We	 continued	 assessment	 of	 oak	 seedling	 browse	 and	 growth	
at	 a	 subset	 of	 seven	 sites	 located	within	 or	 at	 the	 perimeter	 of	
the	CMA	 (Figure	2)	 to	assess	whether	deer	browse	rates	on	oak	
seedlings	were	sensitive	 to	changes	 in	 the	deer	population	 from	












and	 fencing	 (open	 or	 caged)	 with	 Cox	 proportional	 hazard	 mod‐
els	 implemented	 in	 the	 R	 statistical	 (R	Core	 Team,	 2016)	 package	
“coxme”	 (Therneau,	2015).	We	 included	 initial	oak	height	at	plant‐
ing	and	average	vegetation	height	(for	2010	only)	as	covariates.	We	
included	 site	 as	 a	 random	 factor	 in	 all	models	 to	 reflect	 the	 hier‐
archical	structure	of	 the	data.	The	test	compared	time	 (number	of	




ing	 fencing	material	 to	 gain	 access.	We	excluded	 these	oaks	 from	





excluded	 fenced	 oaks	 in	Cox	 proportional	models	 and	 cumulative	
risk	analyses.	We	 fitted	separate	models	 for	oaks	planted	 in	2010	
and	2011	because	we	lost	one	study	site	in	2011.
We	 used	 linear	 mixed	 models	 (LMM,	 package	 lme4;	 (Bates,	
Maechler,	Bolker,	&	Walker,	2014))	to	evaluate	effect	of	year,	fenc‐
ing,	 deer	 management	 regime,	 and	 second‐order	 interactions	 on	
daily	 growth	 rates	 (cm/day)	 of	 Q. rubra	 seedlings.	 We	 estimated	
growth	rate	as	the	difference	in	oak	height	between	the	first	and	last	
sampling	date	divided	by	 the	number	of	 days	between	 samplings.	
We	included	site	as	a	random	factor	to	reflect	the	hierarchical	struc‐
ture	of	the	data.	We	used	variance	inflation	factors	(VIF)	to	assess	
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We	 used	 Akaike	 Information	 Criterion	 (AICc;	 Burnham	 &	
Anderson,	2002)	to	evaluate	explanatory	power	among	competing	
models	 (for	 LMM,	 GLMER,	 Cox	 proportional	 hazard	 models,	 and	






We	 used	 linear	 regression	 to	 evaluate	 changes	 in	 the	 propor‐
tion	 of	 oaks	 browsed	 during	 the	 growing	 season	 (June–October)	
as	 a	 function	 of	 spring	 deer	 abundance	 estimates.	We	 calculated	
mean	oak	browse	 rate	during	 the	 growing	 season	per	 year	 across	











Q. rubra	 seedlings	 (Table	 1).	Deer	 browse	 resulted	 in	 complete	 or	
partial	removal	of	leaves,	but	most	often	deer	removed	entire	upper	
stem	portions	of	the	seedling	(Figure	4).	Deer	browse	did	not	always	










Open Fenceda Open Fenced Open Fenced
2010
No	management 79 35 12 8 2 10
Sterilization 58 29 32 29 4 9
Hunting 59 30 12 4 2 2
2011
No	managementb 53 2 1 2 0 1
Sterilization 77 11 6 14 1 1


























































a	 significant	 interaction	between	management	 zone	and	 initial	 oak	
height,	such	that	taller	oaks	were	more	 likely	to	be	browsed	 in	the	
no	 management	 zone	 than	 in	 the	 hunting	 and	 sterilization	 zones.	
In	2010,	 initial	oak	height	at	planting	averaged	14.7	±	0.13	cm	and	








































0 100 200 300
Days since planting
No−management Sterilization Hunting
0 100 200 300
 Coef (SE) Exp (coef) z‐Value p
(A) 2010
Fixed	effects
Management	(hunting) −0.14	(0.93) 1.15 0.15 .88
Management	(sterilization) 2.30	(1.51) 9.89 2.18 .03
Initial	height 0.09	(0.04) 1.10 2.34 .02
Initial	height:	management	
(hunting)
−0.05	(0.06) 0.85 −0.91 .36
Initial	height:	management	
(sterilization)
−0.20	(0.07) 0.82 −2.74 .01
Random	effects Std	dev    
Site 0.27    
(B) 2011
Fixed	effects
Management	(hunting) −0.37	(0.37) 0.70 −1.00 .32
Management	(sterilization) 0.55	(0.36) 1.73 1.52 .13
Random	effects Std	dev    
Site 0.46    
Note: We	present	only	results	for	the	best	model.	Estimates	and	standard	errors	(SE)	reported	from	
the	model	fitted	with	restricted	maximum	likelihood.
























Cumulative	 risk	 analysis	 indicated	 that	 risk	 of	 deer	 herbivory	
was	significantly	higher	than	risk	of	attack	by	rodents	or	unknown	
mortality	 (Figure	6;	Table	3).	For	oaks	planted	 in	2010,	 the	 risk	of	
deer	herbivory	was	significantly	higher	in	the	no	management	zone	
than	in	sterilization	or	hunting	zones,	whereas	risk	of	rodent	attack	












found	 a	 significant	 interaction	 between	 management	 regime	 and	























Mean	 oak	 browse	 rate	 was	 significantly	 and	 positively	 correlated	
with	mean	 deer	 spring	 abundance	 estimates	 (F1,2	 =	 71.5,	p = .01; 
R2	=	0.96;	Figure	9);	that	is,	as	the	deer	population	in	the	CMA	was	





strated	 that	 deer	 browse	was	 the	overwhelming	 threat	 to	 growth	
of	 unprotected	Q. rubra	 seedlings,	with	 rodents	 and	other	 factors	
relatively	 unimportant	 (Figure	 6),	 confirming	 our	 second	 hypoth‐
esis.	These	results	align	well	with	results	of	regional	studies	(Kelly,	
2019;	Miller	&	McGill,	2019)	and	the	demographic	model	for	Q. lo‐
bata	 in	California	 (Davis	 et	 al.,	 2011),	 all	 indicating	 that	 after	 suc‐





cessful	 regrowth	 should	 they	 be	 browsed,	 ultimately	 resulting	 in	
recruitment	 failure.	 In	 addition,	 because	 it	 occurs	 so	 rapidly	 after	
germination,	and	browsed	seedlings	are	almost	impossible	to	detect,	





 Coef (SE) Exp (coef) z‐Value p
(A) 2010
Deer	herbivory
Hunting −0.59	(0.16) 0.56 −3.68 <.001
Sterilization −0.49	(0.18) 0.62 −2.75 .006
Rodent	attack
Hunting 0.20	(0.47) 1.22 0.42 .67
Sterilization 1.43	(0.40) 4.18 3.62 <.001
(B) 2011
Deer	herbivory
Hunting −0.33	(0.18) 0.72 −1.81 .07














higher	 level	 of	 deer	 browse	 in	 the	 no	management	 zone	 in	 2010,	
but	no	differences	in	browse	intensity	among	management	regimes	
during	2011	(Figures	5	and	6).
Specifically,	 recreational	 hunting	was	 unable	 to	 decrease	 deer	
densities	sufficiently	 to	protect	growth	of	 the	majority	of	Q. rubra 
seedlings,	as	reported	elsewhere	(Bengsen	&	Sparkes,	2016;	Blossey	
et	al.,	2017;	Simard,	Dussault,	Huot,	&	Cote,	2013;	Williams	et	al.,	
2013).	This	 inability	of	woody	species	 to	 transition	 from	seedlings	
to	saplings	over	much	of	the	eastern	US,	and	not	 just	of	palatable	
species	(Kelly,	2019;	Miller	&	McGill,	2019),	occurs	in	a	region	where	
 Est SE df t‐Value p
Factor
Intercept 0.002 0.004 40.23 0.36 .72
Year	planted −0.005 0.004 1,153.05 −1.17 .24
Treatment	(open) −0.006 0.003 1,165.00 −1.96 .05
MR	(hunting) 0.004 0.006 25.57 0.72 .48
MR	(sterilization) 0.001 0.006 37.64 0.18 .86
Year	planted:Treatment	
(open)
−0.041 0.004 1,163.04 −10.19 .00
Year	planted:MR	(hunting) 0.003 0.005 1,163.75 0.55 .59
Year	planted:MR	
(sterilization)
−0.019 0.005 1,164.31 −3.50 .00
Random	effects Std	dev     






















































Fenced open Fenced open Fenced open
No−management Hunting Sterilization
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recreational	hunting	is	widespread,	ubiquitous,	and	accepted	by	the	






plant	 performance	 (Jenkins,	 Jenkins,	 Webster,	 Zollner,	 &	 Shields,	
2014;	 Jenkins,	 Murray,	 Jenkins,	 &	 Webster,	 2015).	 We	 therefore	









2018;	 Raiho,	 Hooten,	 Bates,	 &	 Hobbs,	 2015;	 Ransom,	 Powers,	
Hobbs,	&	Baker,	2014),	including	our	own	(Boulanger	&	Curtis,	2016).	
Examples	cited	as	success	stories	show	reduced	fertility	on	islands	














that	oak	 seedlings	protected	 from	deer	browse	performed	well	 at	
all	 sites,	 and	 results	of	other	 studies	 showing	 recruitment	 success	
in	 fenced	 areas,	 indicate	 that	 deer	 are	 indeed	 the	major	 stressors	

























sapling	 stage.	 Hunting,	 despite	 allowing	 access	 to	 every	 possible	
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safe	 location	 on	 and	 near	 campus,	 removed	 about	 50%	 (together	
with	 car	 accidents)	 of	 our	 annually	 estimated	 spring	 deer	 popula‐
tion	in	the	CMA,	and	this	temporary	population	reduction	was	not	
sufficient	 to	affect	oak	browse	 rates	or	 the	deer	population.	Only	
after	implementation	of	our	DDP	approach	did	we	see	an	apprecia‐
ble	drop	 in	 the	CMA	deer	population.	Combined,	over	nine	years,	
our	 efforts	 removed	 nearly	 750	 deer	 from	 our	 core	management	
area	of	<1,000	ha	demonstrating	the	effort	required	to	locally	man‐
age	open	deer	populations.	 In	some	years,	we	 lethally	 removed	as	
many	deer	 as	we	 estimated	 existed	 in	 our	 core	management	 area	






America	 to	 historically	 high	 levels.	 However,	 they	 are	 financially	
and	philosophically	poorly	equipped	to	effectively	address	current	
conservation	 challenges	 associated	with	 negative	 impacts	 of	 high	
deer	populations	(Jacobson,	Organ,	Decker,	Batcheller,	&	Carpenter,	
2010).	Ecological	or	human	health	concerns	have	minimal	impact	on	
decisions	 about	 desirable	 deer	 population	 goals,	 in	 part,	 because	
management	 agencies	 do	 not	 implement	 routine	 assessments	 of	




abundance	or	density,	 the	metric	often	used	 to	define	 landscape‐
level	population	management	goals	 (Putman,	Watson,	&	Langbein,	
2011).	Despite	repeated	calls	to	adopt	accountability	and	good	gov‐





the	 deterioration	 of	 ecological,	 economic,	 and	 health	 of	 our	 land‐
scapes	 in	 the	 presence	 of	 recreational	 hunting	 (Côté	 et	 al.,	 2004;	
Kelly,	2019;	Kilpatrick	et	al.,	2014;	Miller	&	McGill,	2019;	Nuttle	et	










We	 further	 believe	 that	 healthy	 landscapes	 require	 top	 predators	









is	 leading	 the	 way	 in	 trying	 to	 restore	 large	 terrestrial	 predator	
communities	 (Chapron	 et	 al.,	 2014).	 Regardless	 what	 options	 are	
implemented,	 the	 development	 of	 indicators	 or	 metrics	 to	 gauge	







hold	 management	 agencies	 accountable	 if	 performance	 is	 lacking	
(Hare	&	Blossey,	2014).
Our	 oak	 sentinel	 approach	 showed	 great	 promise	 as	 an	 as‐
sessment	tool.	A	large	number	of	methods	and	metrics	have	been	
proposed	 to	 assess	 deer	 impacts,	 including	 plant	 community	
composition	 (Habeck	 &	 Schultz,	 2015),	 woody	 browse	 indices	
(Morellet,	Champely,	Gaillard,	Ballon,	&	Boscardin,	2001;	Pierson	
&	 DeCalesta,	 2015;	Waller,	 Johnson,	 &	Witt,	 2017),	 and	 perfor‐
mance	 (height	 and	 flowering)	 of	 herbaceous	 species	 (Balgooyen	
&	 Waller,	 1995;	 Fletcher,	 McShea,	 Shipley,	 &	 Shumway,	 2001;	













riod	 in	Wisconsin)	 and	 3%	 per	 year	 in	 the	 southern	Appalachian	
Mountains,	although	annual	mortality	for	slow	growing	individuals	







Trillium grandiflorum or T. erectum,	continue	to	suffer	browse	rates	
that	will	lead	to	local	extinction	(Knight	et	al.,	2009),	even	in	areas	
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management	 will	 also	 require	 that	 additional	 ecological,	 social,	
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